Both the hibernating and the stunned myocardium are characterized by reversible contractile dysfunction. In hibernating myocardium ischaemia is still ongoing, whereas in stunned myocardium blood flow is fully or almost fully restored.
Definition of terms
When a severe reduction of coronary blood flow persists for more than 20-40 min, myocardial necrosis begin to develop and contractile function is eventually irreversibly lost' 11 . When myocardial ischaemia is more moderate, the myocardium can remain viable for a longer period of time. Contractile function of such myocardium is reduced, but recovers upon reperfusion. This situation of chronic dysfunction which is reversible upon reperfusion has been termed myocardial hibernation 12 '. The recovery of contractile function upon reperfusion, however, may require substantial time, i.e. the myocardium is stunned 131 .
Myocardial hibernation

Transition from an imbalance between supply and demand towards myocardial hibernation
Within the first few seconds following an acute reduction of myocardial blood flow, energy demand of the hypoperfused myocardium clearly exceeds the reduced energy supply. However, this imbalance between energy supply and demand is an inherently unstable condition since ischaemia induces mechanisms which reduce contractile function and thus energy demand (for review see' 41 ). In the subsequent steady state condition, the amount of contractile dysfunction is in proportion to the reduction of myocardial blood flow, i.e. a state of perfusion-contraction matching exists' 51 (Table 1) . In chronically instrumented, conscious dogs, a reduction in myocardial blood flow associated with a decrease in regional contractile function by 40% can be maintained for 5 h without the development of necroses within the dysfunctional myocardium. Regional contractile function recovers during reperfusion, but full recovery requires 7 days' 61 . metabolic state of short-term hibernating myocardium improves despite persistent regional contractile dysfunction and reduced regional myocardial blood flow and oxygen consumption' 8 " 11] .
Metabolism of short-term hibernating myocardium
Recruitment of an inotropic reverse at the expense of metabolic recovery in short-term hibernating myocardium
Although baseline contractile function is depressed, the hypoperfused myocardium retains its responsiveness to an inotropic challenge ( . When, after 85 min of ischaemia, dobutamine is infused selectively into the ischaemic myocardial region of anaesthetized pigs, contractile function increases, although regional blood flow remains reduced. Thus, energy is available in the ischaemic myocardium which is not used to support baseline function, but permits the increase in contractile function upon an inotropic challenge. However, the increase in contractile function during inotropic stimulation once more decreases myocardial creatine phosphate content and increases lactate production ( Fig. 1) , indicating a renewed supply-demand imbalance.
Limitations of short-term hibernation
The development of such a delicate balance between regional myocardial blood flow and function during early ischaemia is disturbed by unfavourable alterations in supply and demand. When after 5 min of ischaemia, at a blood flow reduction compatible with the 
Mechanisms of short-term hibernating myocardium
The mechanisms responsible for the development of short-term myocardial hibernation remain unclear at present. Alterations in the /?-adrenoceptor density or affinity as the underlying mechanism of such adaptive processes have been excluded'
121
. The ischaemia-induced activation of ATPdependent potassium channels might increase potassium efflux, thereby reducing action potential duration' 13 ' and subsequently calcium influx into the cardiomyocyte' 14 '. Such decreased intracellular calcium concentration could then reduce contractile function and ATP consumption, thus finally allowing the development of myocardial hibernation. Indeed, the monophasic action potential duration shortens during ischaemia, and this shortening is prevented by blockade of ATP-dependent potassium channels with glibenclamide. However, complete blockade of ATP-dependent potassium channels neither alters contractile function, metabolic parameters nor myocardial viability. Activation of ATP-dependent potassium channels is therefore not involved in the development of short-term myocardial hibernation" 5 '.
Endogenous adenosine which is released during ischaemia might, through a number of secondary mechanisms, such as inhibition of adenylate cyclase activity, inhibition of norepinephrine release from sympathetic nerve endings or inhibition of L-type calcium channels, attenuate the decrease in myocardial energyrich phosphates and the increase in intracellular calcium concentration, thereby preserving myocardial viability during ischaemia. However, a role for endogenous adenosine in the development of hibernation has been excluded, since neither contractile function, metabolic parameters nor viability are altered by increased catabolism of endogenous adenosine by infusion of adenosine deaminase'
151 .
In short-term hibernating myocardium, regional contractile function is decreased without apparent alterations in the calcium sensitivity. In anaesthetized pigs after 90 min of ischaemia, at a time when lactate production is attenuated and the creatine phosphate concentration is restored to a value no longer significantly different from the respective control value, the maximal responses to graded intracoronary calcium infusion and post-extrasystolic potentiation are decreased. However,
Table 2 Clinical conditions of myocardial hibernation
Unstable and stable angina Acute myocardial infarction Congestive heart failure and/or left ventricular dysfunction the relationships between the fractional increases in regional contractile function and dose of added intracoronary calcium and the post-extrasystolic time interval, respectively, are not different from the control relationships. Thus, overall calcium responsiveness of short-term hibernating myocardium is substantially reduced. The reduction of calcium responsiveness is, however, attributable to a decrease in maximal developed force and not to a decrease in calcium sensitivity' 16 '.
Characterization of long-term hibernation
Whereas short-term hibernation ( (Table 2 ). In long-term hibernating myocardium morphological alterations occur. In myocardial biopsies from patients with prolonged contractile dysfunction which was reversible after bypass surgery, the thin filament complex and titin are reduced, the remaining myofibrils as well as the sarcoplasmic reticulum are disorganized, the intracellular glycogen content is increased and extracellular matrix proteins such as desmin, tubulin and vinculin accumulate' 23 -24 '. Up to a certain degree of severity these degenerative alterations are reversible' 241 , but apart from such degenerative alterations, the distribution of titin and cardiotin, which reflects an embryonic phenotype pattern, and the expression of alpha-smooth muscle actin suggest a dedifferentiation of cardiomyocytes' 25 '. Thus, despite the fact that the myocardium remains viable during persistent ischaemia and contractile dysfunction is reversible upon reperfusion' 21 , there are severe morphological alterations. Understandably, full functional recovery following reperfusion might therefore require weeks or even months' 21 .
It is still under debate whether chronic contractile dysfunction in patients occurs during persistent ischaemia, i.e. true hibernation, or is the result of repetitive episodes of ischaemia and reperfusion, i.e. stunning. In patients with a complete occlusion of a major coronary artery but an extensive collateral circulation, chronic contractile dysfunction is observed at almost normal resting myocardial blood flow. However, the increase in blood flow during intravenous 
Open questions related to myocardial hibernation
(1) What are the mechanisms responsible for the transition from an initial supply/demand imbalance to a state of perfusion-contraction matching?
(2) How long can the ischaemic myocardium maintain its metabolic integrity? It is possible that the metabolic status of ischaemic myocardium once again deteriorates over time. In this scenario, the decrease in contractile function during persistent moderate ischaemia is only a temporary mechanism to prolong myocardial viability but is inherently time-limited. On the other hand, it is possible that the successfully adapted myocardium can maintain such a state indefinitely and will proceed into long-term hibernation.
(3) How long can the ischaemic myocardium respond to an inotropic stimulation? A progressive loss of myofibrils in ischaemic myocardium may result in a reduction and finally loss of response to an inotropic challenge. Thus, the identification of viable, long-term hibernating myocardium by an inotropic challenge may eventually be lost.
(4) Can myocardial hibernation be induced or reinforced? This is a challenging therapeutic goal, as it would extend the time frame for reperfusion interventions in patients with acute ischaemic syndromes.
Stunned myocardium
Brief periods of myocardial ischaemia not causing irreversible damage may nevertheless result in a prolonged impairment of contractile function upon reperfusion' 27 '. This phenomenon of prolonged post-ischaemic dysfunc- Maintained responsiveness to norepinephrine and sympathetic nerve activation also excludes impairment of sympathetic neurotransmission as the underlying mechanisms of 'stunning' (Fig. 2) ' have been documented to improve the recovery of stunned myocardium. However, the source of free radical formation (xanthine oxidase, leukocytes, catecholamines, mitochondria), the specific type of free radical (superoxide radical, hydrogen peroxide, hydroxyl radical) and the actual cellular damage done by this free radical (denaturation of myofibrils and enzymes, lipid peroxidation of sarcoplasmic reticulum or mitochondrial membranes) are not clear in detail' 3 ' 69 ' . A significant contribution of leukocytes to the pathogenesis of myocardial stunning was initially suggested' 70 ' but recently ruled out' 71 ' 72 '. Although free radicals continue to be formed for hours after the onset of reperfusion' 5966 ' only those radicals which are generated immediately after the onset of reperfusion are important in stunning, as effective anti-oxidant therapy must be Eur Heart J, Vol. 18, Suppl D 1997 . Finally, the quantitative contribution of free radicals to the severity of stunning remains unclear, since even combined and timely anti-oxidant therapy does not prevent stunning completely 1691 . Calcium ions play the central role in excitationcontraction coupling, and various alterations of intracellular calcium kinetics have been proposed as responsible for post-ischaemic contractile dysfunction, including impaired calcium handling by the sarcoplasmic reticulum' 731 , and reduced sensitivity of myofibrils to calcium after exposure to increased cytosolic calcium concentrations' 471 . Indeed, an increase in cytosolic free calcium during ischaemia' 741 and upon reperfusion' 751 was demonstrated in isolated heart preparations. Transient exposure to a high calcium concentration even without ischaemia also induces a long-lasting depression of ventricular function in isolated hearts' 761 , suggesting a calcium overload-induced decrease in myofibrillar calcium sensitivity. In contrast, an unchanged calcium sensitivity of the myofibrils was suggested from studies in situ, in which intracoronary infusion of calcium chloride' 16461 , post-extrasystolic potentiation' 16 ' 49 ' and the purported calcium-sensitizer AR-L 57
Mechanisms of myocardial stunning
[531 increased regional contractile function to a comparable degree in normal and stunned myocardium.
Immediately upon reperfusion, contractile function often spontaneously returns to near control values but thereafter once more declines before full recovery In the clinical setting, myocardial stunning occurs under a variety of circumstances each of which has its experimental counterpart (Table 4) .
Open questions related to myocardial stunning
Cellular calcium overload and the generation of oxygen free radicals most probably play the major role in the pathogenesis of myocardial stunning. However, questions remain:
(1) What precisely is the causal role for the different types of free radicals? (2) What precisely is the causal role of increased free cytosolic calcium concentration? (3) Are there interrelations between these two mechanisms? (4) What is the precise mechanism by which increased free cytosolic calcium concentration or oxygen free radicals cause prolonged contractile dysfunction?
Identification of hibernating and stunned myocardium
In contrast to dysfunctional, irreversibly damaged myocardium, both hibernating and stunned myocardium retain an inotropic reserve. To further distinguish hibernating from stunned myocardium, either regional myocardial blood flow must be measured' 29 ' or the metabolic changes associated with an inotropic challenge be analysed (Tables 5 and 6 ). The recruitment of an inotropic reserve in hibernating myocardium is at the Eur Heart J, Vol. 18, Suppl D 1997 expense of metabolic recovery' 10 ' 121 ( Fig. 1) , while in stunning per se requires no therapy at all, since by stunned myocardium no metabolic deterioration occurs definition blood flow is normal and contractile function during inotropic stimulation' 52 ' 54 ' 831 . Therefore meta-will recover spontaneously. If, however, myocardial bolic imaging using positron emission technology may stunning is severe, involves large parts of the left venhelp not only to identify viable, dysfunctional myocar-tricle and thus impairs global left ventricular function, it dium, but also to distinguish hibernating from stunned can be reversed with inotropic agents and procedures, myocardium and predict the success of reperfusion
In view of the suggested central role of calcium procedures' 84 " 861 .
overload in the pathogenesis of myocardial stunning, the effective attenuation of myocardial stunning in animal experiments with calcium antagonists is not surprising. As with anti-oxidant therapy, treatment with calcium Therapy Of myocardial hibernation and antagonists is most effective when started before ischaemia' 87 ' 881 . ACE inhibition also attenuates myocardial stunning 
